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20.     Abstract   (Cont.) 

resistance or could not be spot-welded.  A treatment consisting of the 
standard FPL etch followed by 90-mlnute sealing In boiling sodium dichromate 
solution gave a weldable surface with good corrosion resistance. ., Adhesives 
were Investigated for use In the spot-welding process. 'The best adhesive 
found was B.F. Goodrich A-1396B. This adhesive was modified by Incorporating 
ZnCrO^, and SrCr04 to make It more corrosion resistant. The addition of 37. 
by weight SrCrO^, was found to give an adhesive that could be welded through 
and had Improved corrosion resistance over the unmodified adhesive. _Ihe 
modified adhesive had too much flow during cure.  This was corrected by use 
of 7% by weight Cab-0-Sll in the adhesive formulation.  Spot welding para- 
meters giving Class A welds have been developed for each alloy, each surface 
treatment (spot-weld etch, FPL etch, and FPL etch plus 90-minute dichromate 
seal) and each adhesive (A-1396B and chromate modified A-1396B). -The 
selected spot-weld bonding system is FPL etch with 90-minute dichromate seal 
and the modified A-1396B adhesive.  It has been evaluatedjunder both 
stressed and unstressed environmental conditions. . Rasilti indicate that 
this spot-weld bonding system has the strength and corrosion resistance 
of the best corrosion resistant adhesive systems currently available. 
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SECTION I 

INTRODUCTION 

The application of cpot-weld bonding as a joining method for aircraft 

structures has been hampered by the development of an aluminum adherend 

surface treatment which is both bondable and weldable.  Previously successful 

spot-welding treatments do not yield an environmentally durable bond. 

Standard bonding treatments give surfaces which are difficult to weld. 

This program was structured to solve the paradox by first characteri- 

zing the surface chemistry of the aluminum adherend in terms of the oxide 

layers produced by the various treatments ;.hat produce the most stable 

oxide layer.  This oxide layer would then be controlled <n thickness in a 

manner to obtain maximum durability consistent with a prouuction spot-welding 

capability.  Secondly, concurrent studies were to be conducted in the area 

of improving the corrosion resistance of the adhesive system used.  Finally, 

these two approaches would be combined to evaluate and compare the strength 

and durability of spot-weld bonds made with and without an improved surface 

treatment and a corrosion inhibiting adhesive. 

The study to establish the surface character and reproducibility is the 

Phase I segment of the program. Work on increasing the relative durability 

of the spot-weld bond by incorporating corrosion inhibitors within the 

adhesive layer is the Phase II segment of the program. 

In Phase III, these two approaches are evaluated separately, combining 

the optimum developments of each and evaluating these against the baseline 

surface treatments, spot-weld etch, and metal-bond etch, using both the baseline 

and modified adhesives.  This characterization defines both the improvements 

gained as well as the deficiencies remaining. 
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SECTION II 

SUMMARY 

a. 

b. 

The following paragraphj contain a summary of the significant accomplish- 

ments generated during the course of the contract effort. 

1. The Phase I effort of the program has defined the requirements of an 

aluminum alloy surface which satisfies the requirements of Class A 

weldability and significantly improved bondline durability.  These 

requirements are: 

An oxide layer of boehiaJ te (aA^Oy H20) 

A carefully controlled thickness of a maximum of ~700 A and a 
0 

minimum of ~400 A. 

c.  The oxide layer must be produced in an acid solution such as 

the FPL etch, sulfuric acid anodize, chromic acid anodize, or 

phosphoric acid anodize to provide a tenacious, somewhat porous 

layer which forms a strong sealed bond with the metal adherend. 

2. Surface treatment procedures which produce the above coating are: 

a. The FPL etch (sulfuric acid/sodium dichromate) 

b. The FPL etch plus a boiling water/sodium dichromate seal. 

c. A low voltage (1 VDC) sulfuric acid anodize plus a dichromate 

seal. 

3. Based on the following considerations, the FPL etch followed by a 90 

minute seal in boiling water/sodium dichromate solution was selected 

for characterization of bond strengths in Phase III. 
0 

a. The FPL etch produces a thin coating of boehmite (100-400A) 

which is not sufficiently stable to room temperature aging 

(degradation is noted in between 25-50 hours) to provide satis- 

factory out-time of the surface for manufacturing considerations. 

b. The low voltage sulfuric acid anodize process is very difficult 

to control in that the applied voltage is very low M VDC) 

and the anodizing times are very short (in the order of 30-60 

seconds) to produce the required oxide thickness. 

—— 
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c.  The FPL etch plus 90 minute seal produces the required coating 

thickness and the surface has been determined to be stable to 

300 hours of ambient exposure at 72F and 50% R.H. 

A.  The Phase II work defined the effectivity of adding small amounts of 

corrosion inhibiting modifiers to the baseline adhesive.  This work 

resulted in a formulation consisting of B.F. Goodrich A-1396B contain- 

ing 77o by weight Cab-0-Sil to prevent adhesive runoff during cure and 

37. by weight strontium chromate to provide corrosion inhibition. 

This formulation is available from B.F. Goodrich designated as 0500- 

PE-130. 

5. Concurrent with the surface treatment and adhesive developments, 

a complete set of welding parameters have been developed for deoxidized, 

FPL etched, and sealed FPL etched surfaces using both the baseline 

A-1396B adhesive and the chromate modified A-1396B.  The welding theory 

used to develop these parameters is included in this report. 

6. The Phase III characterization studies have shown: 

a. The importance of the boehmite oxide layer in promoting initial 

adhesive strengths and resistance to stressed environmental 

exposure. 

b. The effectivity of modifying the adhesive with small amounts 

of very slightly soluble chromates in improving bondline durabi- 

lity. 

c. A spot-weld bonded system consisting of surface treatment, 

welding capabilities, and adhesive formulation which exhibits 

strengths and durability nearly comparable to the presently 

available structural adhesives.  Strength levels of 4000-6000 

psi in spot-weld bonded and adhesive bonded lap shear are 

attainable with A-1396B and PE-130 adhesive.  Durability 

resistance to stressed environment has been compared to 

FM-123/BR-127 on Northrop IRAD.  Results to date indicate 

comparable durability. 

I 1 
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SECTION III 

TECHNICAL DISCUSSION 

i 

PHASE I - SURFACE TREATMENT DEVELOPMENT 

The original goal for this phase of the program was to develop a surface 

on the aluminum alloys which:  (a) had a contact resistance of 5=1000 fiohms 

+ 10% with a stability of 40 hours without change at R.T., (b) consisted 

of greater than 90% of the surface oxide as the «Al 0 »H 0 composition and 

crystal structure, and (c) contained sufficient corrosion inhibiting ions 

or compounds to provide in situ reformation of the oxide if moisture per- 

meation occurred. 

Known procedures for developing tht alpha oxide form on the aluminum 

surface in varying thicknesses are FPL etch, boiling water immersion, and 

electrolytic anodizing.  Two procedures for incorporation of oxidizing ions 

or compounds into the crystal structure are the addition of such compounds 

within the boiling water immersion and the electrolytic anodize baths. 

The first of the above procedures tried for producing the required oxide 

surface was the sulfuric acid anodize process.  Standard bath concentrations 

and procedural steps are shown in the Appendix, 

Validation of the process was conducted by anodizing standard 3- by 5-inch 

aluminum panels and submitting these to standard salt spray exposure. Following 

qualification, a series of panels were treated similarly except at reduced 

times under anodizing conditions.  Following treatment, including dichromate 

sealing, surface resistances were measured.  Values obtained are shown in 

Table I for a standard 10 VDC anodizing in sulfuric acid. 

dmü ■ --~J...-. ■ ■ ■— ■  -,.. ,1.. ^g^g^^^^^glB^IJI^te 
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TABLE I 

SURFACE RESISTANCE VERSUS ANODIZING TIME AT 10 VOLTS IN SULFURIC ACID 

ALLOY ANODIZING TIME CONTACT RESISTANCE 

202A-T3 Bare 5 min. Infinite 

2024-T3 Clad 5 min. Infinite 

2024-T3 Bare 2 min. 2000-5500 »iOhms 

2024-T3 Clad 2 min. 1800-4500 ^Ohms 

7075-T6 Bare 2 min. 2100-4000 MOhms 

7075-T6 Clad 2 min. 3000-4500 /iOhms 

7075-T6 Bare 2 min. 1000-2100 nOhms 

7075-T6 Bare 1*5 min. 3200-6300 /iOhms 

7075-T6 Bare 1 min. 1200-4300 MOhms 

7075-T6 Bare ^ min. 2000-5400 MOhms 

Based on the high contact resistances shown in Table I even for the very 

short sulfuric acid anodizing times, chromic acid anodizing was evaluated as an 

alternate method. A standard chromic anodize bath (see Appendix) was set up and 

evaluated as before by preparing samples for electron diffraction analysis and 

salt spray exposure tests. When standard baseline conditions were established, 

various reduced anodizing times were tried in the attempt to reduce the thickness 

of the coating. The results of all attempts showed an infinite surface resistance 

making the chromic acid anodize even less desirable than the sulfuric. This is 

attributed to the higher anodizing voltages required (40-50 volts versus 10- 

17 volts) and the required stepwlse (5 volt increment) increase to the anodiz- 

ing levels.  It is felt that oxide surfaces are formed very quickly and then 

build up to a corrosion resistant thickness over a period of time. 

Additional testing has been conducted with the sulfuric anodize bath using 

a lower voltage and current density.  Specimens were prepared using a 5 volt 

anodizing voltage for times of 30 seconds and two minutes. Contact resistances 

for both times were approximately 1000 to 2000/iohms. More importantly, the 

oxide resulting from treatment was aAl.O.'H.O. Being able to obtain the re- 

quired oxide layer at lower voltages allowed further experimentation at voltages 

of one and three volts and changes in electrolyte concentrations. 

__ _   __   rr|--r#-'-Jhh-r--t-*r ■ 
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A slower method of producing the oxide layer involved chemical treat- 

ment of the surface in oxidizing baths.  Primary among the chemical treat- 

ments are the two procedures known to provide a nearly pure aAl^O.^-H20 (boehmite) 

surface on all the aluminum alloys, i.e., FPL etch and boiling water seal con- 

taining sodium dichromate. The FPL etch forms a very thin coating of boehmite 

with a fairly low contact resistance.  This contact resistance varies from 30 

to 200 //ohms depending on batch variation and alloy surface.  Specimens were 

prepared through the FPL etch and immersed in the boiling water/sodium dichromate 

seal solution.  Resistances on 7075-T6 bare aluminum averaged about 250 /yohms 

after a 30-minute seal up to about 800//ohms after a 4-hour seal.  However, the 

variation after 4 hours was from 325 to 2400/iohms. 

The Alodine 1200 process has also been investigated as a chemical means of 

producing the oxide layer.  Surface resistance measurements on 7075-T6 bare 

aluminum treated by this procedure were high, in the range of 1800 to 6000 //ohms, 

and it was subsequently determined that the oxide layer was a more hydrated 

form of boehmite with a lesser degree of crystallinity.  Evaluation of this 

process is being discontinued. 

A literature survey was conducted in conjunction with the experi- 

mental phase of the surface treatment investigations to confirm and explain 

the experimental evidence gathered.  The most significant review article 

covered in this survey is "Oxides and Hydroxides of Aluminum," Technical 

Paper No. 19 by Karl Wefers and Gordon M. Bell, published by Alcoa Research 

Laboratories in 1972.  This paper provides a comprehensive review of all the 

various aluminum oxides or hydroxides with the procedures for characterization 

and synthesis, the standard nomenclature, and numerous physical and chemical 

properties of each. 

The first pertinent factor covered in the paper is that there are four 

common and naturally occurring torms of the aluminum oxide that affect the 

direction of this program.  In terms of standard nomenclature, these are: 

Bayerite - /3A1203'3H20 

Boehmite - a Al 20^20 , 

Diaspore - /3A1203
>H20 

Corundum - 'vAl-G,, 
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A phase diagram showing the occurrence of these forms at various temperatures 

and pressures in the presence of water or water vapor is shown in Figure 1 

As shown in this phase diagram, only two forms of the oxide are of direct 

interest to this program, namely, bayerite and boehmite.  Bayerite forms 

naturally on the surface of the aluminum adherend at ambient conditions 

of temperature and pressure to a temperature of 100C.  Boehmite forms above 

100C or will form due to electrolytic anodization.  These oxide formations 

have been confirmed by electron diffraction analyses of various prepared 

surfaces as will be discussed in greater detail later in this report. 

The second factor determined from the Alcoa paper is that the heat of 

formation of bayerite is approximately -612.6 kcal/mole and that of boehmite 

is -463.4 kcal/mole indicating the formation of bayerite as the stable end 

product. This indicates a fairly large activation energy restricting the 

conversion of boehmite to bayerite at room temperature. 

Surface treatment development then concentrated on producing a controlled 

thickness boehmite coating on the various aluminum alloys by anodization. 

Procedures for thin film coatings were worked out using low voltage sulfuric 

acid and phosphoric acid anodizing.  Initially, a set of 0.064" x 1" x 2" 

samples were prepared by either degreasing, alkaline cleaning, and FPL etch 

deoxidize or degreasing, alkaline cleaning and Amchem 7/Nitric acid deoxidize 

prior to anodizing.  These samples were then anodized for 30 seconds at either 

1.0 VDC or 3.0 VDC and then dichromate sealed in accordance with standard pro- 

cedures (see Appendix).  Surface contact resistances measured on three pairs 

each of these samples are as follows: 

Anodize 1 VDC 
for 30 seconds 

Anodize 3 VDC 
for 30 seconds 

FPL ETCH 
DEOXIDIZE 

1. 75, 85, 33 /iohms 
2. 58, 73, 77 /iohms 
3. 98, 42, 75 ^ohms 

1. 45, 40,  38 jiohms 
2. 37, 77, 130 ßohms 
3. 52, 65,  73 /xohms 

AMCHEM 7/NITRIC 
ACID DEOXIDIZE 

1. 225, 360, 190 /zohms 
2. 60, 220, 200 /iohms 
3. 45,  70,  50 nohms 

1. 390, 345, 370 ^ohms 
2. 510, 340, 110 ^tohms 
3. 350, 290, 190 ^xohms 
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REPRODUCED FROM:  "OXIDES AND HYDROXIDES OF ALUMINUM," TECHNICAL PAPER 
NO. 19, ALCOA RESEARCH LABORATORIES, 1972, KARL WEFERS AND GORDON M. BELL 
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These results were very encouraging since they were the first to fall 

within the range desired by the original program goals.  Accordingly, additional 

samples were prepared selecting the Amchem 7/Nitric acid deoxidize treatment 

and 1.0 VDC and 2.0 VDC anodizing voltages to determine the time versus sur- 

face resistance characteristics.  The average rest-Its of these tests are 

depicted in Figure 2. 

In working out the parameters on phosphoric acid anodizing, it was found 

that the following conditions gave a very thin oxide coating with a surface 

contact resistance in the nominal range of 100 to 500 fiohms on the four 

alloy configurations. 

Procedural Steps 

1. Vapor degrease. 

2. Alkaline clean - Turco 4215. 

3. Deoxidize - Nitric acid/Amchem 7. 

4. Anodize - 20-25 min. | 10 +1 VDC in 11-16 oz./gal. phosphoric acid 

I R.T. 

5. Oven dry at 150F-160F. 

Note: Rinse in deionized water after steps 2, 3, and 4. 

In low-voltage sulfuric acid anodize, voltages of 1.0, 1.5, and 2.0 VDC 

were used for times of 2 through 10 minutes.  It was found that sulfuric acid 

anodizing at 1.5 volts for 10 minutes gave a fairly uniform coating with a 

contact resistance of 300 to 700 /iohms. 

A series of 1" x 2" x 0.064" samples were prepared by the two above 

anodizing procedures (1.5V sulfuric and 10V phosphoric acid) and submitted 

for development of welding parameters.  At this point in the program, it was 

found that these surfaces were not weldable to produce Class A welds and that 

contact resistance, per se, was not a valid measure of the weldability of a 

surface consisting of a boehmite layer.  A more complete discussion of welding 

problems encountered may be found in the section on "Welding Parameters 

Development." 

Since it was determined that neither sulfuric nor phosphoric acid anodized 

surfaces were weldable and further that the required degree of control of coat- 

ing thickness was not possible with the acid anodize treatments, it was therefore 

decided to attempt the development of a process utilizing a "barrier layer" 
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anodizing solution.  These solutions are non-reactive to the aluminum surface 

as contrasted to the acid baths which will dissolve the surface as the coating 

is built up.  This fact makes the process controllable by only controlling the 

applied voltage, in which case an oxide layer of a theoretical thickness of 
O 0 

12A to 14A per volt applied is all that is built up. 

The solution selected for development on this program is a 3 percent 

ammonium tartrate solution operated at room temperature at a pH of 5.5. 

Preparation prior to anodizing is the same as the Northrop standard spot-weld 

cleaning procedure and consists of vapor-degrease, alkaline clean and nitric 

acid/Amchem 7 deoxidize.  Anodizing voltages of 10, 20, 30, and 40 volts D.C. 

were tried for the first screening phase of the investigation. Surface contact 

resistances of all these coatings were in the range of 150 to 500 ^ohms. How- 

ever, none of the surfaces were weldable.  The second trial set of voltages 

were 1, 2, 3, 4, and 5 volts D.C.  Of these voltages, 1 through 4 volts gave 

fairly easily welding surfaces and the 5 volt anodize was somewhat borderline 

in that expulsion occurred sporadically.  Welding parameters were used to 

select the final operating voltages for the anodize treatment. 

An alternate technique of producing thin layer oxide coatings on the 

surface was developed by using the standard hot water/dichromate sealing 

process.  Surface pre-treatments of either deoxidizing or FPL etching were 

used and then followed by 30, 60, and 90 minute dichromate sealing.  It was 

found that surfaces prepared by FPL etch followed by a 90-minute dichromate 

seal had the maximum oxide layer thickness that could be spot-welded success- 

fully.  Both surface treatments, ammonium tartrate anodize and FPL etch/ 

dichromate seal, were carried forward in the program until an optimum choice 

could be made either by initial strengths or durability of the adhesive bond. 

11 
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MICROSTRUCTURAL CHARACTERIZATION 

Introduction and Summary 

Throughout the program, microstructural analysis has been used to physi- 

cally, chemically, and crystallographically characterize the anodic films 

developed on aluminum base alloys through various techniques.  In addition, 

failure mechanics associated with weldbonded specimens and simple adhesive/ 

metal bonded specimens have been studied.  The stability of oxides exposed to 

"shelf-life" environment were evaluated for the more promising systems. 

Characterization of the surfaces developed or. aluminum base alloys 

(2024-T3 and 7075-T6) through the use of both cherr.ical and anodic processes 

were monitored using the following techniques: 

1. Auger Electron Spectroscopy (AES) monitored the surface chemistry 

and profiled chemical changes through the oxide layer. 

2. Scanning Electron Microscopy (SEM) was used to physically characterize 

the oxide and measure relative thickness.  In addition, the SEM was 

used to perform failure mechanism studies on selected systems. 

3. Selected Area Electron Diffraction (SAD) in either the SLM or trans- 

mission electron microscope was used to characterize the crystalline 

form of the oxide formed by either chemical or anodic processes. 

A technique was developed to provide an inexpensive method of examining 

the oxide character and thickness on the SEM.  A wide variety of prepared 

surface treatments have been characterized as to type and thickness.  These 

have included (1) FPL etched, (2) FPL etch plus dichromate seal, (3) ammonium 

tartrate (high and low voltage), and (A) sulfuric acid (high and low voltage). 

Thickness of oxide layers as a function of chemical or anodic growth 

were measured, and crystallographic analysis was performed to verify the exis- 

tence of the oAl 0 -H^O.  Series of samples were run and evaluated to deter- 

mine the reproducibility of the oxide growth process from sample Uo sample. 

12 
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Failure analyses in terms of a proposed "durability" surface model were 

performed on adhesive/metal interfaces as well as weldbonded specimens in the 

as-bonded and stress-corrosion tested conditions. 

Chemical Characterization 

A series of specimens of 2024 bare and clad and 7075 bare and clad were 

prepared with the following surface treatments: 

Chemical Processes 

1.  HNO- + Na.SG, 

2.  HNO. + Na-SO, 
J     2  4 

(Room Temperature) 

(Elevated Temperature) 

3. Lockheed (08) (See Appendix 1) 

4. Northrop's Deoxidizer (Process Bulletin C-27)(See Appendix 1) 

5. FPL Etch 

6. FPL + Dichromate Seal 

Anodic Processes 

1. Phosphoric Acid Anodize 

2. Low Voltage Sulphuric Acid Anodize 

3. Ammonium Tartrate 

Electron diffraction analyses were performed on the as-prepared surface 

to determine the crystalline character of any oxides present.  The Hitachi 

HU11A transmission electron microscope was used for this.  Auger spectrographic 

analysis was performed after exposure to 10  torr vacuum for 24 hours on 
O 0 

each treated surface in the as-treated condition. 50A below the surface, 500A. 
0 0 '        ' 

1000A, 2000A, etc., or until the oxide disappeared or depth of oxidation could 

be extrapolated.  The presence of a oxide was found in the hot HNO. - Na.SO,, 
3    2  4 

C-27 and FPL and FPL + dichromate seal chemical surface preparations.  Only in 

the FPL type preparations was the oxide entirely a.  The thickness of the oxide 

appears to increase where definite oxide forms are present. 

13 
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Table n shows a summarization of the mlcrostructural analyses performed 

on the chemical and anodi" processes. 

A representative profile/chemistry plot is shown for the FPL (metal 

bond) and spot weld etchant as shown in Figure 3. 

Physical Characterization 

The changes in morphology of the surface layer of aluminum adherends 

following different chemical pretreatments were studied by scanning electron 

microscopy (SEM) directly and by transmission electron microscopy (TEM) using 

reflection high energy electron diffraction (RHEED) techniques.  RHEED studies 

were carried out on a Hitachi HU11A electron microscope with the standard 

high resolution electron diffraction holder mounted above the final projec- 

tion lens pole piece.  Transmission selected area electron diffraction analy- 

ses were not performed because this would entail a stripping of the surface 

layers.  It was felt that such a stripping could result in a morphological 

change and. thus, an analysis of the layer in situ would be more reliable. 

Where an analysis of a potentially stratified layer is required, ion milling 

is being used to profile various levels of the oxide layer.  Selected thick- 

nesses are removed and then RHEED characterization is performed. 

Physical examination of the prepared surfaces is performed using the 

scanning electron microscope.  Specimens are vacuum coated with 100A of gold 

to minimize charging effects. A new technique has been developed for the 

analysis of the extremely thin oxide layer coatings.  In this technique, sec- 

tions of the panel 1/4" X 1" are bent around a 1/4" mandrel to a bend angle 

of either 90° or 180°, depending on which angle is required to stress the 

oxide layer sufficiently to cause fracture. These sections are then mounted 

in the SEM such that they may be viewed at 90° to the fractured bent surface 

or at other selected angles such that the edge of the oxide layer may be viewed 

directly (See Figure4 ). With this technique, various magnification ratios 

were evaluated to determine the proper ratio to best characterize the type of 

oxide layer (barrier, porous or sealed), to qualitatively assess the relative 

thickness of the layer, and to qualitatively assess the tenacity of the layer. 

14 
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TABLE II 

SUMMARIZATION OF OXIDE CHARACTER AFTER VARIOUS PROCESSES 
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TABLE 11 

SUMMARIZATION OF OXIDE CHARACTER AFTER VARIOUS PROCESSES 
(Continued) 

In order to further clarify the meaning of various terms as applied to 
anodic or chemical oxides developed on aluminum the following list of defini- 

tions may be used. 

Barrier Layer 

Porous Layer 

first layer formed in anodic process and its thickness 
varies directly with forming voltage.  It is thin, dense, 
and dielectrically compact. 

porous outer layer growing on the barrier layer during 
anodic process.  Porosity depends on dissolution velocity 
and condition and rate of growth of film (related to 
operating conditions and type of electrolyte).  Pore size 
and cell size related to operating conditions also. 

Unsealed Porous - The porous oxide in the as-grown state.  Pores are 
~~ open and clean with direct paths from outer edge of porous 

oxide to barrier layer level. 

Sealed Porous - the porous layer has been sealed with particular additives 
depending upon sealing process.  This may vary from boiling 
water, chromates or silicates to metal salts which hydro- 
lyze coating the pore capillaries with active compounds. 
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A specimen is obtained by removing the bend area of a 1/4" by 3/4" by 

0.060" specimen bent to 90°.  The bend area is then placed so thflt the electron 

beam will reflect from the surface of the bent area.  In thicker layers, 
o 

>500A, only the layer diffracts the electron.  In thinner specimens, a con- 

tribution is received from the aluminum substrate. Analysis of the dif- 

fraction pattern is performed by running standard patterns of Au to accurately 

obtain sample-to-photoplate distance for the respective pole piece and cur- 

rent conditions.  The spotty patterns are analyzed using a circular film 

reader.  Analysis is achieved by comparing with ASTM card file data for X-ray 

diffraction patterns.  Table III shows a comparison of the "d-spacings" for 

the most commonly found oxides.  In each oxide, 2 or 3 lines were "tagged" 

as indicators as to their presence or not in the oxide layer. These were: 

Bayerite - 4.72, 4.36, 2.21 

Boehmite - 6.11, 3.16, 1.86 

Gamma - 2.41, 2.28, 1.98 

Alpha - 3.48, 2.55, 1.74 

In each oxide, distinct differences in d-spacings allowed positive identi- 

fication of the oxide.  In addition to the conventional RHEED techniques, the 

Kent-Cambridge S4-10 SEM has the capability for selected area diffraction 

techniques using the electron channeling effect.  This method is considerably 

more rapid than conventional TEM procedures.  It is more difficult to inter- 

pret.  However, through the use of pre-prepared standards of the desired 

oxides, a quick visual comparison of patterns results in analysis. 

The following oxide film layers have been analyzed for crystallographic 

morphology: 

1. FPL Etchant 

2. Phosphoric Acid Anodize 

3. Sulfuric Acid Anodize 

4. Chromic Acid Anodize 

5. Ammonium Tartrate Anodize 

6. FPL Etch plus Dichromate Seal 

7. A.R. Aluminum Sheet 

8. HNO -Na-SO, 
3  2  4 

9. HNO -AmChem 7 

10.  Lockheed Spot-Weld Etch 
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TABLE  HI 

DIFFRACTION SPACINGS  FOR SELECTED OXIDES OF ALUMINUM 

BAYERITE B0EHM1TE GAMMA ALPHA        | 

d-SPACING I/Io d-SPACING I/Io d-SPACING I/Io d-SPACING l/lo 

6.11 100 
4.72 100 
4.36 70 

3.479 74 
3.10 25 

3.164 65 
3.08 1 

2.7 2 
2.69 3 

2.552 42 
2.45 3 

2.346 53 

2.41 0 
2.37f) 42 

2.34 6 
2.28 3 2.28 6 
2.21 67 

2.18 2 
2.165 1 

2.14 3 2.09 1 
2.085 100 

2.06 2 
1.980 6 

1.98 10 
1.97 3 

1.95 6 
1.91 1 

1.860 
1.850 

32 
27 

1.83 1 
1.770 6 

1.76 I 
1.74 43 

1.71 26 
1.68 2 

1.662 13 
1.64 1 

1.601 81 
1.59 4 

1.546 3 
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In each instance, 2024-T3 bare and clad and 7075-T6 bare and clad 0.060- 

inch nominal thickness sheet stock materials were evaluated. Surface of the 

as-received materials indicated primarily the presence of the Bayerite.  The 
0 

presence of Al was also noted due to the thin layer (approximately 100A). 

This appears to be in contradiction with recently published results   where 

a "sub-oxide" of A1.0- was reported to be a mixture of Al.O and A10 on the 
(2) 

as-received surface. Researchers  ' have reported that these two oxides 

exist in the gaseous state. Examination of the "pressure-temperature" phase 
(3) 

diagram   would indicate that the Bayerite phase would exist in a normal 

room temperature aluminum surface. Crystallographic morphology did not appear 

to be affected by the nature of the substrate (bare or clad) or chemistry of 

substrate (Al-Cu or Al-Zn, 2024 and 7075, respectively). Of course, analysis 

was performed on the outer layer of the oxide.  If there were any stratified 

layered effects, it would be surmised that the phases would have been detected 
0      0 

since most oxides in the 100A-400A thickness would have been completely pene- 

trated by the electron beam. This would certainly be true of the as-received, 

FPL, and ammonium tartrate "anodize" layers. 

However, it must be postulated that a very thin layer of a different 

crystalline morphology may be present at the metal/adherend interface.  This 

problem has been studied using ion milling to remove very thin layers of the 

adherend and successively examining it with RHEED techniques. 

A tabulation of the "d-spacings" obtained from the RHEED patterns ob- 

tained from the 2024-T3 and 7075-T6 aluminum alloys are shown in Table IV. 

The actual patterns are not shown, since such data is rendered uninterpret- 

able by graphic size changes. 
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TABLE IV 

'd-SPACINGS" FROM RHEED PATTERNS OF VARIOUS OXIDE LAYERS 

I 

H PO HSO, NH. Tartratel FPL. Dirhro 
Seal 

.  A.R. Al Sht. 
"rpL' 3   M 2 4 4 

J,A l/Io 
 o  
d,A I/Io 

- ■ B 

d,A l/Io d.A I/lo d,A I/lo i,A I/lo 

b.20 30 6.10 40 
6.00 20 6.00 lO(broad) 

b.81 50 
3.30 20 3.20 50 4.40 30 

3.25 10 
J.16 20 

2.40 100 
3.10 10 

X 

3.15 10 

2.J7 100* 2.34 100 2.37 100 2.34* 100 2.34* 
2.20 

100 
20 

2.06 60* 
2.00 40 1.99 50 

2.05* 50 2.04* 75 

1.99 10 1,97 30 1.98 20 1.9^ 20 

1.87 20 
1.S5 30 

1.88 20 1,90 

1.61 

40 

20 

1.90 10 

1.44 nO* 

.  
1.42 50 

1.30 10 1,43* 50 1,40* 50 

*Alunimiir 

Figures 5, 6, and 7 are straight SEM photos of the sulfuric acid low 

voltage anodized at 1.0 VDC for 30 seconds.  As clearly shown in Figure 5, 

the surface is characteristic of the "as-etched" surfaces showing grain 

boundaries in the 7075-T6 bare aluminum.  Looking closely, a fine granular 

appearance is evident over the surface, and in Figures 6 and 7 this granular 

surface becomes more apparent and characteristic of the anodic coatings. 

Crystallographic characterization of the developed "oxide surfaces" or 

corrosion products is performed with the Hitachi HU-UA electron microscope. 

The specimen is placed in the lower lens position for high resolution electron 

diffraction reflection technique.  The resulting plate is then read on a con- 

ventional rotating measurement stage.  Since these oxide layers or corrosion 

products arc grown from the bare metal outward, a great prevalence for a 

"single crystal" type or epitaxial growth pattern of crystallization exists. 
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Thus, the resulting diffraction patterns vary from complete spot (single 

crystal type) to continuous ring patterns (grain size 10   to 10 mm). 

The electron diffraction pattern for the sample shown in Figure 6 or 7 

is shown in Figure 8.  "d-spacing" analysis of the pattern revealed the 

presence of aAl20 * ILO on the surface.  The pattern showed the characteristic 

strong lines {b.11%,   2.16%,   2.346Ä) in the form of a spotty pattern. The pri- 

mary orientation is represented by the series of diffraction spots and is in 

the (111) planar direction.  The spotty perferably oriented pattern will 
0 

indicate a relatively thin layer (<1000A). 

Figure 9 shows the coating obtained after anodizing for 5 minutes at 

1.0 VDC.  This photo clearly shows a typical anodic coating uniform over the 

entire surface including coverage of the grain boundaries normally left by 

etching.  Electron diffraction (Figure 10) shows the presence of QfAl^« H20. 

Only in this case, the layer is approaching a polycrystalline condition. 

This is evidenced by the nearly continuous diffraction rings.  Apparently 

the oxide layer is developing polycrystallinity as the thickness developes. 
0 0 

In this case, the relative thickness would approach 5000A to 7000A in thickness. 

Figure 11 shows the 90° view of the 2024 and 7075 bare phosphoric acid 

anodize surface.  The barrier type oxide is apparent with no indication of 

cracking.  After 180° bend, the oxide has fractured and flowed with the de- 

formed metallic surface.  This is seen in Figur* 12.  The clad surface of 

both 2024 and 7075 showed a porous type oxide. Figure 13. 

The low voltage, sulfuric acid anodize surface showed random cracking 

over the 90° bend surface. Figure 14, The surface was indicative of a 

sealed porous surface.  The 180° bend specimen showed a very tenacious layer 

approaching the thickness of the phosphoric acid anodized surface, Figure 15. 

As a means of relative thickness comparison, a standard FPL etch surface 

was also examined at 90° and 180° bend.  This is shown in Figure 16. The 

FPL oxide appears as thin particles floating on the metallic substrate. 

Table II shows a .summary of various physical and crystallographic 

characteristics of these three surface preparations. 

Figure 17 shows the character of the oxide on the ammonium tartrate 

anodized 2024 and 7075 bare surtaces.  Figure 18 shows the microstructure of 

the ammonium tartrate anodize for 5 minutes at 1, 2, 3, and 4 volts.  The 
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Increased growth in pore size is evident.  Figure 19 shows the surface 

studies of a 90° bend specimen of FPL etch/dichromate sealed for 80 minutes. 

In order to evaluate the step-by-step process of preparing FPL surfaces, 

several series of 7075-T6 bare were examined after vapor degreasing, alkaline 

cleaning, deoxidizing and FPL etching.  Figures 20 through 27 show two 

different runs through the complete process.  Comparison of the photomicro- 

graph indicated that the processes were treating the surfaces identically. 

They were reproducible. 

Failure Analysis 

Additional work has also been performed to evaluate the degradation 

mechanism of adhesives bonded to an FPL etch prepared aluminum surface exposed 

to a humid atmosphere.  It is assumed that the FPL etch produces a thin, 

relatively stable, and relatively porous aAl 0 «H-G layer on the aluminum 

surface.  It is also assumed that the adhesive layer acts as an absorbent 

layer to the moisture atmosphere and that the absorbed moisture in the 

adhesive layer reacts with the metal interface to hydrolyse the sub-oxide 

layer causing the growth of aluminum hydroxides.  It is then hypothesized 

that the mctal/uxide interface layer fails under a stressed/humidity exposure 

at the time that the hydroxide layer becomes thick enough and consequently 

weak enough to no longer support the applied load. 

The first test of this hypothesis was conducted as described below. 

First, to determine the hydrolysis action assumed above, two specimens of 

7075-T6 alclad aluminum, ,064" x 1" x 5", were prepared by processing through 

the standard KPI, etch procedure.  One of these specimens was subjected to 

a 2A-hour exposure to stress and 1007. R.H, at 120F using the simple bend 

loading apparatus shown in Figure 28, The other specimen was used as a 

control.  Roth specimen surfaces were characterized by SEM and electron 

dltfraction.  Figure 29 shows the control surface and Figure 30 shows the 

24-hour exposed surface.  Beta oxide crystals can be seen forming around 
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tho grain boundaries of the exposed surface.  Electron diffraction (Figure 31 

shows the presence of "single crystal" - like patches of compound on the 

surface.  The pattern was read and analyzed to be the /?A1 0 -SH 0.  The 

pattern was very diffuse and spotty probably as a result of metastable 

co'.idltions of compound formations. 

As shown In Figure 28. two additional specimens wrre similarly prepared 

and coated with a fairly thick layer of £0-2216, a room temperature curing, 

relatively moisture sensitive,epoxy system.  These specimens were exposed to 

the same humidity conditions for approximately 60 hours until the adhesive 

layer could be easily peeled back from the metal Interface.  A SEM photograph 

of the metal surface as shown In Figure 32 shows a clear stepwise break in 

the metal oxide/hydroxide interface layer which is replicated on the adhesive 

side as shown In Figure 33.  This layer now characterized by electron 

diffraction shows (Figure 34) the presence of aAl^-^O and /JAl^^O.  The faint 

diffuse background pattern was read and Identified to be the a Al 0 .  The 

scattered diffraction spots were analyzed to be best fitted to the 0A1 0 OH 0 

crystal structure. ^ 3  2 

These data show the formation of the hydroxide on the prepared surface 

due to the moisture exposure and the failure of that hydroxide layer when 

the adhesive is removeü after exposure.  The ease of adhesive removal and 

hydroxlJe layer failure plus the lack of obvious corrosion products (visible) 

on the interfacial surface tend to support the above hypothesis that hydratlön 

weakens the oxide layer. 

Our metal interface work also tends to confirm literature evidence to the 

effect that bayerlte is the naturally forming oxide on the aluminum surface 

under a combination of applied stress, humidity, and time of exposure. 

Additional experimentation was conducted using standard durability tests and 

examination of the failure interfaces after exposure.  Each of the interfaces 

examined showed bayerlte on the adhesive and on the aluminum surfaces tending 

to confirm the fracture occurrence in the oxide layer. 

Since the stability or "shelf life" of a prepared surface has a great 

bearing on its usefulness as a production preparation method, shelf life 

physical and crystallographic character was Investigated.  Surfaces of 7075.T6 

bare were prepared by three processes as follows: 
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1. FPL etch 

2. FPL etch/dlchromate sealed,90 minutes 

3. Ammonium tartrate anodize,4 volts 

Specimens were examined at 90° bends after room temperature exposures 

(72F (? 507. R.H.) of 1, A, 8, 24, 48, 72, 100, 150, and 200 hours.  The 

following conclusions were obtained: 

1. In no instance did a physical change appear in any of the three 

surfaces; 

2. At 25 hours, the FPL surface showed the presence of /3A1_0-'3H_0 

(bayerite) in addition to OA1.0 • H.O (boehmite); 

3. At 72 hours, a line broadening of the basic QfAl-O. H-0 diffraction 

pattern occurred in the FPL/dichromate sealed specimen.  No further 

changes occurred through 200 hours to 300 hours; 

4. No changes occurred in the boehmite structure of the ammonium tar- 

trate anodize through the 200-hour exposure. 

These studies show the inherent weakness of porosity of the FPL etched 

surface in that the surface will react to a moist atmosphere in a relatively 

short period of time to form a loosely adhering bayerite oxide layer.  This 

layer is forming at the oxide/metal interface and growing around the boehmite 

layer in place. They also show the stability of the anodized surfaces in 

exposure to the same ambient atmospheric conditions. 

A model concept of the interface between the adhesive and the aluminum 

substrate can now be defined in fairly broad terms.  This concept is depicted 

in Figure 35 and shows the various interaction zones and oxide layers which 

exist in the interface.  One mode of adhesion failure, as discussed above, 

occurs in zone 3 under a combination of stress and moisture.  Other modes of 

failure can also be described in terms of the model concept. 

Conclusions 

Through these studies the following relevant conclusions may be drawn: 

a.  All of the anodizing procedures and the hot water/dichromate seal 

procedures produce a relatively thin, continuous, highly adherent 

layer of boehmite (oA^Oy H20) on each of the aluminum alloy sur- 

faces. This represents experimental reconfirmation of the literature 

references. 
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b. Thickness of the oxide layer is easily controlled by use of "barrier 

layer" anodizing techniques.  However, the oxide layer thickness 

and character throughout the thickness has not been completely defined. 

Additional studies need to be conducted in this area. 

c. The technique of bending the surface to fracture the oxide layer is 

essential to using the SEM for accurate determination of the exis- 

tence and character of the layer. 

PHASE II - ADHESIVE MODIFICATION 

This phase of the program was designed to evaluate the addition of corro- 

sion inhibiting agents to standard adhesive formulations to determine the effect 

of such additives on the static strengths, weldability and durability of the 

resultant joint.  In accordance with literature and experience, zinc and 

strontium chromate are the most conventional additives for corrosion inhibi- 

tion due to their very slight solubility and effective corrosion protection. 

Consequently, finely divided (100-200 mesh) CP powders of zinc and strontium 

chromate were selected for the initial modification experiments.  These pow- 

ders were added to the Goodrich A-1396B adhesive system in ratios of 5 PHR, 

10 PHR, and 15 PHR.  Standard lap shear panels were fabricated to evaluate 

the static strengths of the joints at room temperature, 180F, and room tem- 

perature after 30-day salt spray exposure.  The results of these tests are 

contained in Table V. 

For this phase of the program, three "off-the-shelf" adhesives were 

evaluated.  These were B.F. Goodrich A-1396B, Hysol 9312, and chromated Hysol 

EA-9312.  The Goodrich adhesive gave the better results and the Hysol adhesives 

were satisfactory initially.  However, subsequent lots of the Hysol adhesive 

were completely different from the original lot and the original lot could 

not be reproduced by the manufacturer in time for use on this> piogiam.  There- 

fore, the Hysol adhesives were dropped from the program. 
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ADHESIVE 

ZONE 1. ADHESIVE-OXIDE INTERACTION ZONE 

ZONE 2. aA I2O3 H2O (POROUS OR BARRIER) 

ZONE 3. RESIDUAL OXIDE OR PREANODIZE CREATED OXIDE 

ZONE 4. MECHANO_CHEMI^L^^I^WTFH'IMETÄL 

METAL 

1000-5000/f 

0-2000 £ 

50-1000 /? 

UNDEFINED 

I 

FIGURE 35.  INTERFACIAL ZONE MODEL 

TABLE V 
STATIC STRENGTHS OF CHROMATE MODIFIED 

A-1J96B ADHESIVE ON 7075-T6 BARE ALUMINUM 

Panel Additive 

Lap Shear St rength* (PSI) 

Room Temperature 180F 

1 Control 3790 2230 
2 5 PHR** ZnCrO, 4020 2670 
3 10 PHR ZnCrOy 4170 2650 
4 15 PHR ZnCrO, 

4 4080 2550 
5 5 PHR SrCrO, 

4 4430 2370 
6 10 PHR SrCrO 4510 2550 
7 15 PHR SrCrO 4370 2790 

30-Day Salt Spray 

Exposure 

Control 3900 

5 PHR ZnCrO, 
4 3760 

10 PHR ZnCrO, 
4 3330 

15 PHR ZnCrO, 
4 3020 

5 PHR SrCrO, 
4 3860 

10 PHR SrCrO, 
4 3850 

15 PHR SrCrO, 
4 3740 

*Note:  Reported values are the average of five specimens each. 

**PHR - Parts per Hundred Resin 
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The 30-day salt spray exposure tests show no or only slight degradation 

of the unmodified and the modified adhesives.  However, the strength levels 

after exposure are higher with the strontium chromate than with the zinc 

and, also, with zinc chromate the trend tends to lower strengths with in- 

creasing percentages of additive.  Therefore, strontium chromate was 

selected for further modification studies and the lower percentage levels 

were evaluated in stress corrosion tests. 

The specimens tested in Table V  were made with vacuum bag (15 psi) 

pressure.  Samples were placed in a cold oven, heated to 250F, and cured at 

250F for 1 hour.  Results were lower than anticipated.  This has been attributed 

to "adhesive starving" in the bond area because of the 15 psi pressure and the 

low viscosity of the adhesive.  "Dead weight" (1.5 psi) pressure and Cab-O-Sil 

to control flow have resulted in bond strength improvements of 1000 to 1500 

psi. 

Additional modification of the A-1396B adhesive has been necessary to 

control flow of the system when cured on an inclined or vertical surface. 

This has been accomplished by the addition of Cab-O-Sil to a percentage 

level of about 7 percent.  The primary formulation selected for Phase III 

characterization at present is: 

Modified Goodrich A-ljybB 

A-1396B 90% 

Cab-O-Sil  ■ 77. 

SrCr03 37. 
100% 

This formulation has been tested in lap shear to compare initial strengths 

with the unmodified adhesive.  These lap shears were cured using lead weight 

pressures of about 1 psi. 

Test results are as follows:  5520 psi average of five specimens for the 

unmodified A-1396B, 5360 psi average for the modified version.  These values 

confirm the requirement for low pressure curing, show the maintenance of 

strength after modification, and are representative of weld-bonded strength 

levels.  No difficulty has been encountered in welding through the modified 

formulation. 

A9 

  ^ . ^jfMgHmi^mmtm*^  .  



««>»■»■» -1^- — "^. •- ■■■ 

This formulation was provided to B.F. Goodrich and is now being supplied 

by that company under the trade designation of O5O0-PE-130.  Subsequent testing 

under this program has been conducted with the manufacturer's product. 

ÜEVEl.OPMENT OF WELDING PARAMETERS 

General Procedures 

Sheared and deburred aluminum blanks were surface treated with various 

solutions: spot-weld etch, FPL etch, and FPL etch plus dichromate seal. 

The treatment procedures and solution compositions are shown in Appendix I. 

In the beginning, standard welding schedules for 0.063-inch thick bare 

7075-T6 aluminum were used to weld material cleaned with the spot-weld etch 

and FPL etch without adhesive.  For each surface treatment, a plot of strength 

versus welding current was obtained by increasing welding current from low to 

high values until expulsion took place.  At the current level which produce« 

expulsion, the tension-shear strength should be above 900 lbs.  This provides 

sufficient latitude for reducing the welding current to eliminate expulsion 

and still achieve adequate strength.  If premature expulsion was encountered, 

the welding parameters were then re-adjusted by increasing electrode-forge 

force or up-slope time, or both. 

For each surface-treated aluminum alloy, curves of joint strength and 

electrode indentation versus welding current were plotted for varying elec- 

trode forces.  The recommended welding schedule was the one that permitted 

the widest welding current range between the low current value which produced 

the minimum joint strength (670 lbs. for 0.063-inch sheet) specified in MIL- 

W-6858 and the high current value which produced a maximum electrode indenta- 

tion of 107. without expulsion. 

Technical Discussion 

The problems encountered in weldbonding of durable surfaces can be illus- 

trated by considering a simplified model as described as follows:  the surface 

finish of a rolled aluminum sheet is microscopically rough, as shown in Figure 

36. The surface In Figure 36(A) is oxide-free, having uniformly distributed 

peaks and valleys.  When an electrode force is applied to the sheets. Figure 

36(B),plastic deformation takes place at the contact peaks, each of which has 

an area equal to a^  If the welding current is 1 ampere and there are n peaks 

under the i-lectrodts, then tlu currcnL dmsity P = I/nn .  Al i er surtax 

treatment, a layer of oxide covtis the peaks and valleys, as ;iliown in 1 M.ure 

36(C). When two surface-trealcd sheets are placed between the electrodes, 
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c. 
V\^   *>//   V>^   *A//    >V/   W v     V>     %/     v      v      v 'Oxide Layer 

na. 

I 
D. 

where a1»a2.    Therefore  Pj» ^i 

2      na. 

where:     a1  and a^  are  areas without  and with oxide   layer,  respectively 

and,     p1 and  p2 are current densities in the areas a.   and a,,  respectively. 

FIGURE 36.     MODEL OF SURFACE CONTACT RESISTANCE 
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the oxide layer cracks at the peaks under pressure.  The peaks make metal- 

to-metai contact again, as shown in Figure 36(D). The area of contact for 

each peak, a7, is much less due to the increased oxide layer thickness. The 

current density, P-,,   in this case is equal to l/na».  Hence, pr/  is much 

greater than P.. This excessive current density is rcspons>ibl( for prtmature 

expulsion. 

Of course, on real surfaces, the peaks are not of uniform height and 

distribution and the oxide layer does not have a microscopically uniform 

thickness. Therefore, erratic nugget sizes and shapes are observed whenever 

the oxide layer exceeds certain limits. Table VI lists the contact resistance 

thicknesses and "weldability" of various oxide layers. The data in this table 

indicate that weldability is generally related to the thickness of the oxide 

layer and the contact resistance. 

The weldability can be improved by applying higher electrode force to in- 

crease the microscopic contact area. The increase in area should be large 

enough to decrease the current density well below the expulsion limit. The 

weldability can also be improved by the use of controlled up-slope current in 

such a way that the welding current is increased only after the contact areas 

have increased by gradual plastic deformation and melting. At an appropriate 

forge-delay time, a forging force is applied and is followed by a controlled 

down-slope welding current. Proper attention to these considerations will 

provide welds that are not only crack-and expulsion-free but also meet Class 

A strength standards. 

During conventional spot welding, expulsion takes place near the end of 

the welding cycle due to the oversize molten nugget relative to the electrode 

force. The expulsion of molten metal causes instantaneous collapse of the 

molten nugget. The upward movement of the electrode due to thermal expansion 

and melting of the nugget is momentarily interrupted. This interruption of 

the electrode movement, as shown in Figure 37, represents the point at which 

expulsion occurs. If a forging force is applied to the weld at or before the 

onset of expulsion, It can be avoided. However, during the spot welding of 

durable surfaces (high contact resistance), expulsion Lcgins tarly in the 

up-slope portion of the cycle, as shown in Figure 38. 
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TABLE VI 
WELDABILITY. CONTACT RESISTANCE. AND OXIDE LAYER THICKNESS 

SURFACE TREATMENT CONTACT RESI- 
STANCE ,/iOHMS 

THICKNESS, 
A 

WELDABILITY 
RATING 

FPL Etch 

FPL Etch Plus 
Dichromate Seal 

Low Voltage Ammonium 
Tartrate Anodize 

Low Voltage Sulfuric 
Acid Anodize 

Low Voltage Phos- 
phoric Acid Anodize 

30-280 

80-400 

80-300 

200-500 

200-500 

100-400 

400-700 

100-400 

2500 

2400 

Good 

Good up to 
90 min. seal 

Good up to 5V, 

poor 

poor 

TABLE VII 
WELDING CURRENT RANGE FOR 7075-T6 
BARE ALUMINUM USING SPOT-WELD ETCH 

WELDING SCHEDULE 

!    WELDING CURRENT (KA) 
WELDING 
CURRENT 

RANGE (KA) 

1 1 
STRENGTH 

ABOVE MIN. 
REQUIREMENT 

INDENTATION 
EXCEEDS 107. 

STRENGTH RANGE    ] 

(LBS) (KN) 

I 18.9* 20.9 2.0 670-1010 2.95-4.49 

II 19.5 22.1 2.6 670-1020 2.95-4.54 

III 19.6 22.5 2.9 670-920 2.95-4.09 

II + 15 Cycles 
Forge Delay 

19.2 20.6 1.4 670-960 2.95-4.27 

II + 10 Cycles 
Forge Delay 

20.3 22.1 1.8 670-1040 2.95-4.63 

11+5 Cycles 
Forge Delay 

20.7 23.8 3.1 670-1170 2.95-5.21 

*Extrapolated 
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FIGURE 37.     NUGGET EXPANSION TRACES SHOWING EXPULSION DUE TO 
HIGH CURRENT OR LOW ELECTRODE FORCE FOR LOW CONTACT 
RESISTANCE SURFACES WITH NO FORGE FORCE 
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There are three possible approaches for el im InaLion of expulsion. One 

is to increase up-slope time such that microscopic contact areas are allowed 

to increase by plastic deformation, thereby avoiding a current density suffi- 

ciently high to cause expulsion.  The second approach is to increase elec- 

trode force to create larger contact areas and thus reduce adversely-high 

current density on the microscopic level.  The third approach is to decrease 

forge-delay time (apply forging-force early) to eliminate early expulsion. 

However, if the forging-force is applied too soon, a weak weld will be ob- 

tained due to lack of heat caused by the decreased contact resistance and 

increased heat dissipation.  When an expulsion-free w^ld is obtained, an un- 

interrupted electrode expansion trace is obtained, as shown in Figure 39. 

Parameter Development 

Based on the above concepts, welding schedules for 0.063-inch thick bare 

7075-T6 and 2024-T3 aluminum sheets were determined.  At the beginning, weld- 

ing without adhesive was conducted on spot-weld etched and FPL-etched sur- 

faces.  The joint strength and electrode indentation as a function of welding 

current for three welding schedules are shown in Figure 40 for 0.063-inch 

thick bare 7075-T6 sheets cleaned with a spot-weld etch.  The longest welding 

time (20 cycles. Schedule I) produced highest electrode indentation with high 

scatter in joint strength.  The 8-cycle welding time (Schedule III) gave the 

lowest electrode indentation and the lowest joint strength.  Schedule II 

(12-cycle welding time) produced welds of relatively high strength from 670 lbs. 

to 1020 lbs. in the current range of 19.5 to 22.1 KA.  This schedule also pro- 

vided the best combination of high strength and minimum electrode indentation. 

A forging-force was added to Schedule II and three forge-delay times were 

employed to investigate the effect of forge-delay time on joint strength. A 

long forge-delay time of 15 cycles not only produced a short weld-current range, 

but also caused expulsion at relatively IJW welding current.  A 10-cycle forge- 

delay provided some improvement, but the welding current range was still only 

1,8 KA. When the forge-delay time was reduced to 5 cycles, the welding current 

range increased by 3.1 KA from 20.7 KA to 23.8 KA. Therefore, welding Schedule 

II with forge-delay time of 5 cycles is reconmended for welding of the spot- 

weld etched bare 7075-T6 aluminum sheet. The welding current ranges and the 

corresponding joint strengths for six welding schedules are listed in Table VII. 
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FIGURE 38.  CURRENT AND NUGGET EXPANSION TRACES SHOWING EXPULSION 

CURRENT 

HMUM ...^ 

EXPANSION 
vs^wwtw*H^U| 

FORGE STARTS 

FIGURE 39.     CURRENT AND NUGGET EXPANSION TRACES SHOWING 
NO EXPULSION 
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For FPL etched bare 7075-T6 sheets, the basic Schedule II was again used 

with three variations of forge-delay time. Figure 41 shows the effect of 

welding current on joint strength and electrode indentation for Schedule II 

with and without forging force.  These plots indicate that (1) without forging 

force the FPL etched sheets require higher welding current than spot-weld 

etched sheets (Figure 40) to reach their maximum strength, (2) shorter forge- 

delay times require higher welding current to produce a weld of equal strength, 

and (3) in contrast to the spot-weld etched sheets, the longest forge-delay 

(15 cycles) produced the highest joint strength. With a forge-delay of 15 

cycles, a current range of 4.2 KA (18.7 KA to 22.9 KA) produced joint strengths 

ranging from 670 lbs. to 1200 lbs., as shown in Table VIII. This schedule pro- 

vided the widest welding-current range and highest joint strength with accept- 

able electrode indentation. 

Surface contact resistance was measured under electrode forces of 750 lbs. 

and 1500 lbs. to determine the optimum welding schedules for the FPL-etched 

bare 7075-T6 sheets with three different adhesives placed in the joints before 

spot welding. The three adhesives were A-1396B, EA-9312, and ADX-373.1. 

Table IX lists the measured resistance values before the initiation of weld- 

ing current. The addition of adhesive in the joint produces a very high con- 

tact resistance. The values listed in Table IX indicate two facts: (1) the 

contact resistance decreases somewhat with increasing electrode force and 

(2) contact resistance is affected by the viscosity of the adhesive (the vis- 

cosity of A-1396B is 20,000 centipoise and that of ADX-373.1 is 300,000 

centipoise).  It should be noted that the viscosity of an adhesive varies as 

welding progresses due to heat dissipation through the sheet. 

Conventional resistance spot-welding normally requires very low surface 

contact resistance to obtain consistent joint strengths.  The high contact 

resistance with adhesive is rather extraordinary and therefore requires uncon- 

ventional welding schedules, as discussed in the proceeding sections.  If an 

improper welding schedule is used, premature expulsion and an undersized 

nugget will be experienced. Figure 42 shows a nonuniform and undersized 

nugget with severe expulsion resulting from an improper welding schedule. 

A low initial current in conjunction with a slower rate of up-slope heat- 

ing "gradually" preheats the faying surface, reduces the high contact resis- 

tance, and uniformly expands the nugget.  Thus on a microscopic scale, the 
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current density becomes more normal during welding and premature expulsion is 

avoided.  Thus, a strong, expulsion-free, uniform nugget, as shown in Figure 

A3, can be obtained. 

Welding parameters for deoxidized (for spot welding) and FPL etched 

surfaces on bare 7075-T6 and 2024-13 of 0.063-inch thick sheets were 

determined.  A-1396B and PE-130 adhesives were used.  The contact resistance 

on deoxidized surfaces (spot-weld etch) without adhesive was under 30 ftohms 

and on FPL etched surfaces was in the range of 25 to 150 //ohms.  To avoid 

expulsion, welding parameters were changed, as discussed in the preceding sections. 

Figure A4 shows the strength-current curve for deoxidized bare 7075-T6 

sheet using both adhesives and the welding schedule included in the figure. 

Expulsion was not observed throughout the current range.  At a welding cur- 

rent of 22.5 KA, weld strength over 1000 lbs. can be obtained with electrode 

indentation of 87,.  Without forging force, the weld strength was about 150 lbs. 

1owe r. 

Bare 202A-T3 sheets using the same adhesives were welded through a range 

of current from 20.5 KA to 23.2 KA, as shown in Figure 45.  Without forging 

force, the weld strength was again lower than that with forging force. 

Increasing electrode and forging force to 1200 and 3000 lbs., respectively, 

decreased weld strength drastically at lower current ranges.  The other weld- 

ing parameters are the same as those listed in Figure 44. The welding current 

range should be between 22.5 KA and 23.0 KA.  Since the welding schedules for 

both 7075-T6 and 2024-T3 are essentially the same, the schedule for 7075-T6 

was used to weld 2024-T3 sheets afterwards. 

Welding schedules for FPL-etched bare 7075-T6 sheet with A-1396B are 

listed in Figure 46.  In this investigation, three sets of electrode force 

and forging-force combinations were used. The effect of welding current on 

joint strength and electrode indentation is shown in the same figure.  The 

800-lb/2000-lb. force combination permitted a wider welding-current range 

than the other force-combinations.  Furthermore, this force-combination also 

produced the highest Joint strength among the three force-combinations inves- 

tigated.  The acceptable range in welding current was approximately 3.8 KA 

(from 19 KA to 22.8 KA). 
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When the FPL etch and PE-130 adhesive were used for bare 7075-T6 

sheets, expulsion was observed at higher current levels, as shown in Figure 

47.  Based on the strength and indentation criteria, an 800-lb/2000-lb. force- 

combination was preferred because it permitted a wide range in welding cur- 

rent, extending from approximately 18.5 KA (extrapolated) to 22.5 KA. 

The durability of an FPL etched surface may be improved further by seal- 

ing the porous oxide with dichromate solution (see Appendix 1). The contact 

resistance of the bare 2024-T3 aluminum sealed for 90 minutes ranges from 80 

to 400 ^lohms.  Two electrode forging force combinations and two welding times 

were used to determine their effects on joint strength.  Figure 48 shows the 

effect of welding current on joint strength and electrode indentation for bare 

2024-T3 sheet using A-1396B.  Electrode and forging forces of 800 lbs. and 

2000 lbs., respectively, gave higher joint strength regardless of the dif- 

ference in welding time.  Electrode indentation seemed to be the same for both 

electrode forces evaluated.  When PE-130 was used, the welding current re- 

quired to produce a 1000-lb. joint strength was about 800 amperes higher for 

the schedule consisting of a 16-cycle welding time than that consisting of an 

8-cycle time, as shown in Figure 49.  The higher viscosity of PE-130 allowed 

stronger welds at a lower current range than A-1396B.  In Figures 48 and 49, 

variations in force and welding schedules produced similar indentations at a 

given current level.  However, if electrode indentation is compared for welds 

of equal strength (same nugget size), then the higher electrode forces pro- 

duced higher indentation, as expected. 

Figure 50 shows the effect of welding current on joint strength and 

electrode indentation for bare 7075-T6 using PE-130.  When the electrode force 

was under 1000 lbs., expulsion took place at relatively low currents and joint 

strength was low.  The 1000-lb./2500-lb. force combination provided a fairly 

wide welding-current range (at least 2.5 KA) and good joint strength. 

The welding schedules for 2024-T3 sheet are the same, except for the 

welding current when either A-1396B or PE-130 is used, as shown by comparison 

between Figures 48 and 49. This is also applicable to the 7075-T6 sheets. 

Therefore, a welding schedule for 7075-T6 using A-1396B was not determined. 

The same welding schedules for 7075-T6 using PE-130 should be adequate for 

A-1396B. 
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I An analysis of Figures 40 and 41 and Figures 44 through 50 was made 

to specify recommended welding schedules for each system.  The factors in- 

fluencing the recommendations were based upon: 

1. A spot-weld strength to equal or exceed values required by the MIL- 

W-6858 specification. 

2. A maximum electrode indentation of 107.. 

3. No expulsion. 

4. The maximum latitude in welding current which will meet the require- 

ments of (1), (2), and (3). 

Based upon these considerations, the recommended welding parameters were 

established as listed in Table X. 

The welding-current range for FPL-etched sheets is as wide as that for 

spot-weld etched sheets without adhesive. On the other hand, the dichromate 

seal did reduce the acceptable welding-current range from 3.5 KA to 2.0 KA, 

which still provides good latitude. 

Welding of ammonium tartrate, sulfuric acid, and phosphoric-acid anodized 

surfaces of bare 7075 aluminum was investigated. Referring to Table VI, the 

difficulties of welding these surfaces were anticipated because of high con- 

tact resistance.  Sheets anodized at 10V for 10 minutes in ammonium tartrate 

exhibited a contact resistance ranging from 90 ßohms  to 300 fiohms.  Using 

PE-130 and welding schedules for FPL-etched surfaces, expulsion took place 

at a welding current as low as 18.8 KA.  The nugget expansion trace recorded 

on the oscillograph indicated that expulsion occurred between the 8th and 12th 

cycle of the welding time.  Forge-delay times, shorter than 8 cycles, pre- 

sented expulsion but caused formation of small weld nuggets of low strength. 

Consequently, higher electrode force and forging force were in order.  When 

the electrode and forging forces were increased to 1500 lbs. and 3000 lbs., 

respectively (other parameters remaining the sane), expulsion was still ob- 

served with a weld strength of 1040 lbs.  Further ir.creases in electrocie and 

forging forces were beneficial for elimination of expul^on, but they increased 

electrode indentation beyond acceptable levels.  Thertfore, the surfrte anodized 
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at 10V in ammonium tartrate solution was considered to be unweldable under the 

conditions evaluated. 

Bare 7075-T6 of 0.063-inch thick anodized in ammonium tartrate 

solution at 5V for 5 minutes (80-230 fiohms) exhibited good weldability with 

PE-130.  Expulsion was not observed under the welding schedule for FPL-etched 

sheet.  Sulphuric acid and phosphoric-acid anodized (200-500 ^iohms) surfaces 

gave severe expulsion problems as suspected.  Since the durability of the 
(3) surfaces treated with FPL etch plus dichromate seal is excellent   , further 

welding studies on anodized surfaces were terminated. 

The contact resistance for various surface treatments were overlapping 

with a maximum value of 500 ^ohiis produced by the low-voltage anodizing 

treatments.  Yet, the weldability of these surfaces varied tremendously.  By 

adding adhesives, the contact resistance increased to several thousand microhms, 

as shown in Table IX, but weldability was not influenced greatly by the pre- 

sence of the adhesive.  These facts lead one to believe that contact resistance 

alone does not dictate the weldability of the oxide surface.  Chemical com- 

position, crystal structure, and physical and mechanical properties of these 

oxides probably have much to do with weldability just as with durability.  It 

is theorized that the thickness and crystal structure of the oxide layer are 

the major constraints to be considered as affecting welding parameters. 

To fabricate peel test specimens, 0.020-inch thick bare 7075-T6 

and 2024-T3 sheet were used and welding schedules for de-oxidized, FPL-etched, 

FPL-etched plus 90 minutes dichromate sealed surfaces using Goodrich A1396B 

and 0500 PE-130 adhesives were determined.  These welding schedules are listed 

in Table XI.  Because of the extremely thin sheets, the temperature gradient 

during welding was relatively high.  This high temperature gradient and high 

contact resistance in the joint, particularly in the FPI-etch plus 90 minutes 

dichromate sealed surfaces, produced a very narrow welding current range. 

Therefore, occasionally expulsion occurred in the FPL-etch and 0500 PE 130 

adhesive joints and more often in the FPL-etch plus 90 minutes dichromate 

sealed surfaces and both adhesives. Referring to Table XI, it can be noted 

that the electrode force required to produce a better weld is higher for 

sheets having higher contact resistance.  These schedules are not optimum. 

The only requirement was that it produced a minimum joint strength of 140 

lbs. and the minimum average of 175 lbs. specified in the MIL-W-6858.  However, 

in some specimens, the joint strength exceeded 200 lbs. (See Appendix II). 
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As a result of this study, it may be concluded that: 

1. High resistance surfaces for weldbonding can be spot-welded by using appro- 

priate welding schedules either on single-phase or three-phase frequency- 

converter type spot-welding machine to produce Class A welds per MIL-W- 

6858 specification. 

2. With weldbonding surfaces of high resistance, controlled up-slope heating 

and proper forging force and forge-delay time are required to eliminate 

expulsion. 

3. Surfaces anodized in the low-voltage sulfuric acid and phosphoric acid 

solutions were unweldable under the conditions evaluated. 

4. Electrode movement can be used to detect precise time of occurrence and 

degree of expulsion. 

5. Surface contact resistance is not the only factor which affects weld«- 

ability. Physical and mechanical properties of the oxide probably have 

some influence on weldability also. 
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PHASE III - CHARACTERIZATION STUDIES 

This phase of the program was designed to evaluate the results of Phases 

I and II with particular emphasis on determining the effects of the surface 

treatment and the adhesive modification on initial static strengths, standard 

environmental exposure, and stressed environmental exposure.  Standard lap 

shear tests, wedge tests, peel tests, and stress-corrosion tests were conducted. 

Bond strengths have been determined under various conditions of temperature 

and environmental exposure to establish baseline values for each adhesive sys- 

tem or surface preparation.  These permit direct comparison of the effects of 

each adhesive modification and surface preparation under the same environmental 

conditions. The results of tests conducted are included in Tables XII through XX. 

Analysis of the data obtained to date indicates the following: 

1. The Goodrich A-1396B adhesive system has proved to be a good choice 

as a spot-weld bonding adhesive giving reasonable ease of weld-through 

capability coupled with excellent strengths over the temperature range 

of -67F to 180F.  Most of the strength levels reported are comparable 

to those obtained with standard structural films in use in the 

industry.  The adhesive also exhibits good resistance to the standard 

environmental exposures on both 7075-T6 and 202A-T3 alloys.  Problem 

areas to be evaluated more fully are in the sensitivity of the adhesive 

to glueline thickness control as noted in some of the individual 

test results, the increased brittleness of the chromate modification 

as noted in the initial crack growth of the wedge test results, and 

the decreased lap shear strength of the spot-weld bonded 2024-T3 

specimens as compared to the 7075-T6 specimens which may be related 

to the lower yield strength of the 2024-T3 alloy. 

2. The wedge tesc specimen appears to provide an excellent, economical, 

and rapid comparison of the environmental resistance of the surface 

treatment and the adhesive system as long as caution is exercised 

in comparing variations within the test rather than from test to test. 

Variables of adhesive and glueline thickness must be considered when 

comparing wedge test results from test to test and mode of failure 

must be used for comparison. 
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3.  Analysis of the environmental test results in Tables XVI XVII XIX 

and XX indicates the following: 

a. The overall average strength retention in unstressed exposure 

calculated including alloy type, exposure type and adhesive shows 

the weldbonded specimens retaining 73.57., 93.37. and 94.37. of the 

control value for deoxidized, FPL etched, and FPL etch/90-minute 

scaled treatments respectively.  Similarly, the adhesive bonded 

specimens showed a retention of 70.87., 86.57., and 87.87. of control 

for deoxidized, FPL etched, and FPL etch/90-minute sealed surfaces 

respectively.  These values show a significant improvement is 

attained in going from a bayerite oxide layer (deoxidize treatment) 

to a boehmite oxide layer (FPL etch and FPL/90) in the unstressed 

exposure.  However, only a very slight improvement is gained by 

thickening of the oxide layer by dichromate sealing. 

b. By using the same analysis procedure to compare overall strength 

retention versus adhesive type and/or alloy type, it can be shown 

that the PE-130 provides a slight decrease in retention overall, 

and that the 2024-T3 alloy is significantly lower in overall re- 

tention than the 7075-T6 alloy. 

c  Certain anomalies are found in Tables XVI and XVII where strength 

levels after exposure for the FPL/90 surfaces are significantly 

lower than for the FPL etch surfaces and in some cases are even 

lower than the deoxidized surfaces.  Examination of the failed 

specimens shows only a clean adhesive failure with no visual evi- 

dence of bondline corrosion at the interface.  Failure of these 

surfaces is presently being attributed to possible variations in 

processing causing either variations in thickness or porosity of 

the oxide layer. 

d. The data in Tables XIX and XX cannot be treated quantitatively 

at this time due to a combination of variables within the test 

matrix.  For example, the use of the percentage of initial static 

strength introduces a large variation in the load level as applied 

to the aluminum substrate which in turn causes differing rates of 

corrosion.  In addition, there are subtle variations in processing 

which could not be defined which add variations in the time to 
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failure. Certain trends are apparent In the data in that the FPL 

etched specimens have significantly improved corrosion resistance 

over the deoxidized surface and the PE-130 appears to show an 

additional improvement. No significant improvements over the FPL 

etch by dlchromate sealing can be determined at this time. Addi- 

tional data will be obtained to clarify these conclusions. 

A. The data received so far has confirmed the original hypothesis and 

the overall direction of this program; namely, that the surface 

chemistry plays the predominant role In determining the resistance 

of a structural bond to a stressed environment.  Standard spot-weld 

etch treatments produce a weak and porous layer of bayerlte which 

will not maintain a structural bond for sufficient time. The use of 

the FPL etch produces a layer of boehmlte on the surface which does 

provide a significant Improvement In bond durability. The use of 

anodlse treatments can produce thicker, more adherent, and less 

porous films of boehmlte which continue to show Improvements In bond 

durability. 

5. The effect of the Increases of boehmlte layer thickness on the weld- 

ablllty la a proportional Increase In welding difficulty. This 

condition was discussed In more detail under welding developments 

with a comparison of the welding parameters with surface treatments. 

By proper adherence to welding theory. Class A spot welds can be 

made through durable surfaces. 

6. The addition of small amounts of strontium chromate to the adhesive 

provides a significant Improvement to the stress-environment durabllHy 

of the bond as evidenced by the wedge test results. The chromate 

works In conjunction with the Improved surface treatment to enhance 

the durability of the bond. 
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TABLE XII 

.(1) COMPARISON OF ADHESIVE BOND LAP SHEAR^' STRENGTHS VERSUS 
TEMPERATURES WITH SELECTED SURFACE TREATMENTS 

ALLOY 
SURFACE 

TREATMENT^) 
TEST 
TEMP. 

ADHESIVE SYSTEM     ! 
A-1396B PE-130 

7075-T6 Deoxidize 

FPL Etch 

FPL Etch Plus 
90-Min. Dichromate 
Seal 

Ammonium Tartrate 
Anodize 

Phosphoric Acid 
Anodize 

-67F 
R.T. 
180F 

-67F 
R.T. 
180F 

-67F 
R.T. 
180F 

-67F 
R.T. 
180F 

-67F 
R.T. 
180F 

4720 
4390 
2060 

5710 
5640 
2570 

5560 
5360 
2560 

5940 
5230 
2440 

6100 
6140 
4330 

3800 
5320 
2710 

5110 
6210 
3520 

6100 
5680 
3760 

3680 
5710 
3260 

4370 
6330 
3980 

2024-T3 Deoxidize 

FPL Etch 

FPL Etch Plus 
90-Min. Dichromate 
Seal 

-67F 
R.T. 
180F 

-67F 
R.T. 
180F 

.67F 
R.T. 
180F 

4350 
5340 
3300 

5470 
5490 
3290 

4820 
5620 
2830 

4670 
4700 
2850 

5010 
6650 
3200 

4630 
6400 
3370 

(1) See Appendix 3 for Specimen Configuration 
(2) See Appendix 1 for Treatment Details 

81 

Ht"    HI I I  [^rf- ^     -~^::*-    i i »i mm ^aaata- 11    



■   ■m mm ~~ 

■ i 

TABLE  XI11 
.(1) 

COMPARISON OF SPOT-WELD BOND LAP SHEAR STRENGTHS^' VERSUS 
TEMPERATURES AFTER SELECTED SURFACE TREATMENTS 

(1) See Appendix 3 for Specimen Configuration 
(2) See Appendix 1 for Treatment Details 

ALLOY 

SURFACE 
TREATMENT^ 

TEST 
TEMP. 

ADHESIVE SYSTEM 
A-13966 PE-130 

7075-T6 Deoxidize -67F 
R.T. 

3360 
4310 

2850 
4190 

180F 3120 3280 

FPL Etch -67F 
R.T. 

4730 
4870 

2880 
4790 

180F 3330 3100 

FPL Etch Plus 
90-Min. Dichromate 
Seal 

-67F 
R.T. 
180F 

4400 
4460 
3250 

3880 
4790 
3100 

2024-T3 Deoxidize -67F 
R.T. 

2860 
3400 

2640 
3440 

180F 2490 2840 

FPL Etch -67F 
R.T. 

3590 
3740 

3290 
3760 

180F 2740 2890 

FPL Etch Plus 
90-Min. Dichromate 
Seal 

-67F 
R.T. 
180F 

3290 
3510 
2820 

3460 
3710 
2500 
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TABLE XVIII 
(1) T-PEELV^   STRENGTHS  —  ROOM TEMPERATURE 

ALLOY TREATMENT ADHESIVE 
PEEL 

(LBS/IN.) 

2024-T3 Deoxidize A-1396B 

PE-130 

15.5 

18.0 

FPL Etch A-1396B 

PE-130 

29.0 

22.0 

FPL Etch/90-Min.Dichromate Seal A-1396B 19.0 

PE-130 24.4 

7075-T6 Deoxidize A-1396B 

PE-130 

13.8 

14.8 

FPL Etch A-1396B 

PE-130 

13.7 

12.0 

FPL Etch/90-Min Dichromate Seal A-1396B 

PE-130 

9.0 

(1) See Appendix 3 for Specimen Configuration 
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ALLOY 

7075-T6 

2024-T3 

TABLE XIX 

STRESS CORROSION DATA — ADHESIVE BONDED JOINTS 
SALT SPRAY EXPOSURE 

(2) 

t ,(1) 

TREATMENT ADHESIVE 
'LOAD LEVEL     AVG TIME 

(7. OF ISS*/PSI)  TO FAIL (HRS) 

Deoxidize 

FPL Etch 

FPL Etch/90-Min. 
Dlchromate Seal 

FPL Etch/90-Min. 
Dlchromate Seal 

A-1396B 

PE-130 

A-1396B 

PE-130 

A-1396B 

PE-130 

A-1396B 

PE-130 

80/2950 
60/2000 
40/1470 

80/3800 
60/2560 
40/1920 

80/4920 
60/2820 
40/2030 

80/4920 
60/3840 
40/2500 

80/3400 
60/2860 
40/2000 

80/5180 
60/3960 
40/2620 

80/3720 
60/2640 
40/  

80/5480 
60/3840 
40/  

(1) Average of 3 Specimens Each 
(2) See Appendix 3 for Specimen Configuration 
* Initial Static Strength 

** First Failure of the Group      88 

16 
20 

18 
70 

74 
500 
800 

100 
730 

1144 

67 
480 

PE-130 80/5060 
60/3470 
40/2390 

12 
180 

mmmm 

Deoxidize A-1396B 80/3000 
60/3060 
40/1500 

20 
16 
16 

PE-130 80/4120 
60/3060 
40/2000 

12 
16 

310 

FPL Etch A-1396B 80/3540 
60/2650 
40/1760 

70 
188 
475** 

14 
40 

230 

86 
144 

16 
160 
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TABLE XX 

STRESS CORROSION DATA — SPOT-WELD JOINTS 
SALT SPRAY EXPOSURE 

(1) 

AVERAGE(2 ^ 
TIME TO 

LOAD LEVEL FAILURE 
ALLOY TREATMENT ADHESIVE (7. OF ISS*/PSI (HRS) 

2024-T3 Deoxidize A-1396B 80/2070 
60/1660 
40/  

50 
210 

PE-130 80/3000 
60/2210 
40/1395 

18 
45 

324 

FPL Etch A-1396B 80/2800 
60/2145 
40/1550 

154 
288 

PE-130 80/2960 
60/2210 
40/1515 

360 
700 

(1) See Appendix 3 for Specimen Configuration 

(2) Average of 3 Specimens Each 
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SECTION IV 

CONCLUSIONS AND RECOMMENDATIONS 

The objectives of this program were to develop a spot-weld bonding system 

for aluminum that would produce Class A welds and have the strength and 

environmental durability of the state-of-the-art adhesive systems.  These 

have been met with a surface treatment consisting of the FPL etch followed 

by a 90-minute seal in boiling water/sodium dichromate solution and an 

adhesive formulation containing A-1396B modified with 37, strontium chromate. 

This combination provides a system which is weldable (Class A welds), has 

good adhesion, and resists stressed environmental conditioning as well as 

state-of-the-art structural adhesive systems. 

However, the surface treatment process developed is not optimum for 

two reasons.  First, the basic FPL etch treatment is not completely repro- 

ducible except under carefully controlled conditions, thereby introducing 

some degree of error in the oxide layer thickness which then affects the 

weldability of the adherend.  Second, the 90-minute seal process imposes a 

cost restriction on the manufacturing procedure both in time consumed in 

processing and in maintaining a large bath at temperatures of 208F-212F. 

In addition, the basic strength properties of the adhesive have been 

altered slightly by the addition of the chromate filler, primarily the peel 

strength. Also, the present A-1396B system represents a service temperature 

use area of -67F to I80F which is somewhat restrictive for high performance 

aircraft. 

Based on these conclusions, it is recommended that the surface treatment 

process be optimized based on the requirement of a tightly adherent oxide 

layer of boehmite (aAl203^20) to a controllable thickness of 400A-700A. 

One recommended procedure for accomplishment of this objective is a modifi- 

cation of the phosphoric acid anodize process which has been shown to provide 

a fairly thin oxide layer (=s2000A) with excellent adhesion and good bondline 

durability.  It is also recommended that the adhesive formulation be optimized 

to provide maximum durability consistent with a minimum degradation of mechanical 

properties and that weldbonding adhesives capable of operating over a wider 

temperature range be evaluated and modified in a similar manner. 
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SURFACE PREPARATION DETAILS 
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PRBCSDIfOpAOl BLANK-NOT FIIMBD 

SULPHURIC ACID ANODIZE 

1. Degrease - Trichlorethane Vapor 

2. Alkaline Clean - 10 to 15 min. 

Turco 4215-S - 6-8 oz./gal. 

Operate (? 155F + 10oF 

3. Deoxidize - 5-10 min. 

Amchem 7 - 2.7 to 3.3 oz./gal. 

Nitric Acid - 8 to 167« by volume 

Operate Q  R.T. 

2 
4. Anodize 20 min. (? 10-17 VDC and 15-18 amp./ft.  current density 

Sulphuric Acid - 15-187. by weight 

Operate @ Sp. Gravity 1.30 at R.T. 

5. Neutralize 

Sodium Bicarbonate - 5-77. by weight 

Operate &  R.T. 

6. Dichromate Seal - 15 min. 

Sodium Dichromate - 5 to 6.57. by weight 

Operate @ 208F to 212F 

Note:  De-ionized water used in mixing solutions and rinsing between 

operations. 
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FPL ETCH 

1. Degrease - Trichlorethane Vapor 

2. Alkaline Clean - 10 to 15 min. 

Turco 4215-S - 6-8 oz./gal. 

Operate @ 155F + 10oF 

3. Sulphuric Dichromate Etch - 10 min. + 1 min. 

Sulphuric Acid - 38.5 to 41.5 oz./gal. 

Sodium Dichromate - 4.1 to 4.9 oz./gal. 

Operate @ 145F to 160F 

Note: De-ionized water used in mixing solutions and rinsing betwe 

operations. 

en 
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i 
DEOXIDIZE 

1. Degrease - Trichlorethane Vapor 

2. Alkaline Clean - 10 to 15 min. 

Turco 4215-S - 6-8 oz./gal. 

Operate @ 155F + 100F 

3. Deoxidize - 5-10 min. 

Amchem 7 - 2.7 to 3.3 oz./gal. 

Nitric Acid - 8% to 167. by volume 

Operate @ R.T. 

Note:  De-ionized water used in mixing solutions and rinsing between 

operations. 
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CHROMIC ACID ANODIZE 

1. Degrease - Trichlorethane vapor 

2. Alkaline Clean - 10-15 min. 

Turco 4215-S - 6-8 oz./gal. 

Operate 9 155F + 10oF 

3. Deoxidize - 5-10 min. 

Amchem 7 - 2.7 to 3.3 oz./gal. 

Nitric Acid - 87. to 16% by volume 

Operate 9 R.T. 

A.  Anodize (see below) 

Chromic Acid - 6.7 to 13.A oz./^al. 

Operate 9 104F + 40F 

Anodize for M min. whlU regulating the voltage as follows: 

a. Gradually increase the voltage for the first 10 minutes from 

0 to 40 in steps of not more than 5 volts. 

b. For the next 20 minutes hold &  40 volts. 

c. Increase gradually to 50 volts within 5 minutes and hold for 

5 minutes. 

Note: The current density at the higher voltage should be 2.5 amps/ft. 

of anode surface. 

5.   Dichromate Seal - 15 min. 

Sodium Dichromate - 5 to 6.57. by weight 

Operate &  208F to 212F 

Note: De-ionized water used in mixing solutions and rinsing between operations. 
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ALODINE 1200 PROCESS 

1. Degrease - Trichlorethane Vapor 

2. Alkaline Clean - 10 to 15 min. 

Turco 4215-S - 6-8 oz./gal. 

Operate (3 155F + 100F 

3. Deoxidize - 5 to 10 min. 

Amchem 7 - 2.7 to 3.3 oz./gal. 

Nitric Acid - « to 167. by volume 

Operate (? R.T. 

4. Alodine 1200 - 1 to 3 min. 

Alodine 1200 power - 1 to 3 oz./gal. 

Mix thoroughly 

Maintain pH 1.5 to 2.0, adjust with Nitric Acid 

Operate (a 70F to 100F 

Note:  De-ionized water used in mixing solutions and rinsing between operations. 
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0-1 SPOT-WELD ACID ETCH FOR BARE ALUMINUM ALLOYS 

1. Degrease - Trichiorethane Vapor 

2. Alkaline Clean - 10 to 15 min. 

Turce 4215-S - 6-8 oz./gal. 

Operate @ 155F + 10oF 

3. Spot-Weld Acid Etch - 10 min. + 1 min. 

Sulphuric Acid - 9 to 12 oz./gal. 

Sodium Dichromate - 5.3 to 7.4 oz./gal. 

Ammonium Bifluoride - 0.14 to 0.28 oz./gal 

Operate 0 R.T. 

4. Alkaline Etch - 5 to 10 min. 

Sodium Hydroxide - 3.5 oz./gal. 

Sodium Gluconate - 0.035 oz./gal. 

Operate &  R.T. 

5. Spot-Weld Acid Etch 

See #3  above 

Note: De-ionized water used in mixing solutions and rinsing between 

operations. 
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0-8 SPOT-WELD ACID ETCH FOR CLAD ALUMINUM ALLOYS 

1.  Degrease - Trichlorethane Vapor 

2. Alkaline Clean - 10-15 mln. 

Turco 4215-S - 6-8 oz./gal. 

Operate at 155F + 100F 

3. Spot-Weld Acid Etch - 10 to 20 mln. 

Sulphuric Acid - 9 to 12 oz./gal. 

Sodium Dichromate - 5.3 to 7.4 oz./gal. 

Ammonium Bifluoride - 0.14 to 0.28 oz./gal. 

Operate @ R.T. 

Note:  De-ionized water used in mixing solutions and rinsing between 

operations. 
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PHOSPHORIC ACID ANODIZE 

1. Degrease - Trichlorethane Vapor 

2. Alkaline Clean - 10 to 15 min. 

Turco 4215-S - 6-8 oz./gal. 

Operate 19 155F + I0oF 

3. Deoxidize - 5-10 min. 

Amchem 7 - 2.7 to 3.3 oz./gal. 

Nitric Acid - 8 to 16% by volume 

Operate @ R.T. 

4. Anodize 20-25 min. 9  10 +1 VDC 

Phosphoric Acid -  11-16 oz. (vol.  gal. 

Operate 9 R.T.0 

5. Oven dry at 150F-160F. 

Note:  De-ionized water used in mixing solutions and rinsing between 

operations. 
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APPENDIX  II 

MINIMUM REQUIRED SHEAR STRENGTH FOR SPOT WELD SHEAR SPECIMENS 
AND MINIMUM AVERAGE STRENGTH (ALUMINUM ALLOYS) 
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APPENDIX II 

MINIMUM REQUIRED SHEAR STRENGTH FOR SPOT WELD SHEAR SPECIMENS 
AND MINIMUM AVERAGE STRENGTH (ALUMINUM ALLOYS) 

NOMINAL 
THICKNESS ULTIMATE ULTIMATE ULTIMATE ULTIMATE 
OF THINNER STRENGTH STRENGTH STRENGTH STRENGTH 
SHEET (INCH) SO.OOOf PSI 35.000-55,000PSI 19.000-35.000PSI -19.500 PSI 

THICKNESS 
See Std 

POUNDS PER WELD 

MIN MIN MIN MIN 
M833528 MIN AVG MIN AVG MIN AVG MIN AVG 
0.020 140 175 135 170 100 125 60 100 
0.040 345 435 310 390 300 375 225 285 
0.063 670 840 610 765 570 715 395 495 
0.090 1255 1570 1000 1250 810 1090 595 745 
0.125 2120 2650 1625 2035 1050 1315 785 985 
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APPENDIX III 

TEST SPECIMEN CONFIGURATIONS 
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K- 1 IN.- 

% IN. 

PRBCSDINO PACK BUNK.NOT FIIMBD 

5 IN. 

h 0.063 IN. NOMINAL 

COUPON IS MACHINED FROM A 6-IN. WIDE BONDED PANEL 

STANDARD ADHESIVE BOND LAP SHEAR COUPON 
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h 1 IN. 

'/.-IN. SPOT 
WELD NOMINAL 

T 
1 IN. 

1 

5 IN. 

0.063 IN. NOMINAL 

y 
COUPON IS MACHINED FROM A 6-IN. WIDE BONDED PANEL 

STANDARD WKLD-BOND LAP SHKAR COUPON 

I 
110 

'■■ -—-- MUk --  .->.-.....  ...-.,. id^Mil 



-v 
^mmmm vwrnmamfmrnHti^^'i' J.JIII   i■■mi i 

FEP SEPARATOR FILM (OPTIONAL) 

6.00 ± 0.125 

FIVE ONE-INCH 
WIDE SPECIMENS 

Hh 0.125 NOM 

"ADHESIVE 

TRIM TRIM 

^ 

INITIAL 
CRACK TIP 

WEDGED CRACK EXTENSION SPECIMEN - THE END AND SIDES 
OF THE WEDGE SHALL BE APPROXIMATELY FLUSH WITH I       n 125 

[-•-1.0 i 0.03-"-j SPECIMEN END AND SIDES NOM -til- 

1.0 ± 0.03 

ALUMINUM OR STAINLESS STEEL WEDGE 

STANDARD WEDGE TEST PANEL AND COUPON 
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STANDARD "T" PEEL TEST COUPON 
0.020-IN. SHEET , 

♦ r— 

y.-IN. DIA 
SPOT TYP 

O 

O 
1-IN. TYP 

o 
T 
TYP 

1 

O 

o 

o 

o 

o 

o 

10 IN. 

2 IN. ■\ 
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STRKSS CORROSION FIXTURE WITH STANDARD SHEAR COUPON 

SPECIMEN IN TEST      V    SEALANT PR-1422 

TITANIUM 

STEEL 

STRAIN GAGE 
TYP - 2 PLCS. 

NOTE:   STEEL PARTS ARE COATED WITH CHEM-MILL MASKANT 

113 
Ö   U.   ■..  OOVimUNI  PtKNTI«; OrnCC;   H;i — 6"7-6S0/2ll 


